The magnetic properties of gold nanotubes encapsulated transition metal ͑TM, TM= Co and Mn͒ and monoatomic chains ͑TM@Au͒ are studied using first-principles density functional calculations. The TM chains are significantly stabilized by the gold nanotube coating. TM-TM distance-dependent ferromagnetic-antiferromagnetic phase transition in TM@Au is observed and can be understood by Ruderman-Kittel-Kasuya-Yosida ͑RKKY͒ model. The magnetocrystalline anisotropy energies of the TM@Au tubes are dramatically enhanced by one order of magnitude compared to those of free TM chains. Furthermore, the stronger interaction between Mn chain and gold nanotube even switches the easy magnetization axis along the tube.
It is known that all these freestanding MACs are naturally metastable 4 and are hard to be used directly in application. So stabilizing these MACs without significantly changing their unique magnetic properties is a critical step toward application. One solution is to encapsulate them into a stable tubular structure. [8] [9] [10] [11] [12] [13] [14] [15] Carbon nanotubes ͑CNTs͒ or boron nitrogen nanotubes ͑BNNTs͒ have been proposed as good candidates of capsules because of their high stability. 8, [11] [12] [13] [14] Whereas recent density functional theory ͑DFT͒ study on Fe 5d ͑Os, Ir, and Pt͒ nanowires encapsulated in CNTs has indicated that the magnetocrystalline anisotropy energies ͑MAEs͒ of the hybrid structures are reduced markedly. 16 Furthermore, the MACs are generally bonded weakly in CNT/ BNNT or even endothermic in the formation of the hybrid structures. 8, 9, 13 Gold nanotubes, which have been theoretically proven stable and synthesized experimentally, 17, 18 might be another type of candidate to encapsulate MACs. Recent DFT investigation has revealed that the Fe nanowires encapsulated in Au ͑6,0͒ nanotube have large spin polarization at Fermi level and greatly enhanced MAE. 15 Different from CNT and BNNT, although gold nanotubes are very stable, they are chemically active 19 and thus can interact strongly with the guest atoms. The strong tube-TM interaction is expected to modulate the electronic structures of the guest atoms to enhance their magnetic properties. Motivated by possible enhanced magnetic properties upon encapsulation, our study focuses on the Co and Mn MACs encapsulated in ͑5,5͒ gold nanotube ͑denoted as TM@Au, TM= Co or Mn͒. To address the advantages of the encapsulated MACs, freestanding TM MACs are also investigated for comparison. Similar to CNT, conceptually, gold nanotube can be made by rolling up a sheet of gold triangular lattice. The notation ͑n , m͒ denotes the chiral vector C = na 1 + ma 2 where a 1 and a 2 are the basis vectors of a two-dimensional gold triangular lattice. 20 The gold nanotube with indices ͑5, 5͒, which has enough hollow to accommodate a MAC inside, has been predicted as the most stable tube theoretically. 20 The reason for choosing Co and Mn chains is based on the following considerations. Freestanding Co and Mn MACs are quite different in their magnetic nature, of which ground states are FM and AFM, respectively. 4, 5, 21 The magnetic order of Co MAC retains FM configuration in a long interatomic distance range. 21 In contrast, Mn MACs' magnetic order changes from AFM to FM with increasing interatomic distance. 21 In addition, when deposited on the ͑110͒ surface of Cu, Pd, NiAl, and Ag, the ground state of Mn MACs is AFM, whereas the Co MAC on NiAl ͑110͒ surface has almost degenerated FM and AFM solutions ͑slightly favor FM͒. 21 But, when it is deposited on Cu ͑110͒ surface, Co MAC favors the FM state. 21 22 Moreover, the oscillatory FM-AFM transition with respect to Co-Co distance was predicted in Co ad-atoms on Cu substrate. 23 Thus we expect that Co and Mn MACs would exhibit new magnetic properties upon gold nanotube coating such as the increased MAE and FM-AFM phase transition with TM interatomic distances.
All the results presented in this work were calculated within the framework of plane-wave DFT implemented in Vienna ab initio simulation package ͑VASP͒. 24, 25 The exchange-correlation potentials were treated by spinpolarized generalized gradient approximation with PBE ͑Ref. 26͒ functional. The interaction between valence electrons and ion cores was described by projected augmented wave 27, 28 method. The conjugate gradient algorithm was used to relax structures until the force acting on each atom was less than 0.01 eV/Å. An energy cutoff, 380 eV, based on convergence tests on total energies of TM@Au systems, was adopted with Methfessel-Paxton 29 smearing method to improve self consistent field ͑SCF͒ convergence.
The TM@Au was placed in a supercell with the dimension of 20ϫ 20ϫ C Å 3 where C is the lattice constant of supercell alone z ͑along the axis of Au tube or TM chain͒ direction. We also considered the low symmetric configurations, in which the Co or Mn atoms are initially placed away from the central axis of Au tube; however, such configurations are less stable; and all TM atoms optimized back to central axis of the tube. The Au tube between the adjacent periodic images is at least 15 Å, which should be large enough to ignore the interaction between the nearest neighboring tubes. Two different configurations ͑denoted as TM@Au_1 and TM@Au_2, separately, shown in Fig. 1͒ are studied in order to investigate the TM-TM distancedependent magnetic behavior. Each unit cell of the TM chain contains two TM atoms to examine both FM and AFM solutions. The Brillouin zone was meshed by gamma-centered Monkhorst-Pack 30 method with 1 ϫ 1 ϫ 25 and 1 ϫ 1 ϫ 15 grids for TM@Au_1 and TM@Au_2, respectively. For spinorbital coupling, we used denser k-points, 1 ϫ 1 ϫ 41 and 1 ϫ 1 ϫ 21 for TM@Au_1 and TM@Au_2, respectively and the MAE was computed as the full self-consistent total energy difference of the two possible magnetization orientations ͑parallel and perpendicular to the chain͒.
The optimized unit length and radius of pure Au ͑5, 5͒ tube are 4.57 and 2.48 Å, respectively, which are in good agreement with previous calculations ͑4.63 and 2.44 Å͒. 20 The calculated Co-Co distances and the FM and AFM Mn-Mn distances in freestanding MAC are 2.16, 2.62, and 2.37 Å, consistent with earlier values of 2.15 4 , 2.60, and 2.29 Å 5 , respectively. For a TM MAC encapsulated in a tube, the TM-TM distance is mainly determined by the lattice parameter of gold nanotube due to the strong tube-TM chain interaction. As seen from Table I , the lattice constant of Co@Au_1 is slightly shorter than that of Mn@Au_1; in TM@Au_2, the discrepancy in the lattice constant is negligible and independent of spin ordering. Thus, the Co-Co distance is also a little shorter than that of Mn-Mn in TM@Au_1 and they are comparable in TM@Au_2. This is because increasing TM-TM distance weakens the TM-TM interaction in TM@Au_2, and as a consequence the encapsulation has less influence on the lattice constant and Co-Co 
separately, where E͑·͒ is the energy of a single TM atom, optimized TM MAC, Au nanotube, and TM@Au.As shown in Table II , the BEs of the TM@Au hybrid structures are remarkably higher than those of free TM MACs, indicating these hybrid structures are very stable. In particular, these BEs are much larger than those of TM@CNT and TM@BNNT, which are usually less than 1 eV per TM atom and some are even endothermic in the formation of hybrid structures ͓e.g., Fe@CNT͑9,0͒ and Co@BN͑9,0͔͒. 8, 9, 13 The large BE might stem from the strong hybridization between Au and TM atoms which will be discussed below. Moreover, if we define interaction energy ͑IE͒ as the energy differences between TM@Au and the sum of fully optimized gold nanotube and TM MACs, ͑IE͑TM@ Au͒ = E͑TM MAC͒ + E͑Au tube͒ − E͑TM@ Au͒͒, the IEs for Co@Au_1, Co@Au_2, Mn@Au_1, and Mn@Au_2 are 4.77, 5.00, 5.80, and 7.42 eV, respectively. This implies that the TM MACs are significantly stabilized and the tube-MAC interaction is as strong as the TM-TM interaction. Therefore, TM@Au tubes are very stable against disintegrating into their constituents; and thus it is possible to synthesize these hybrid structures experimentally.
The . As a consequence, the ground magnetic ordering of TM@Au_2 is dominated by the indirect exchange interactions, which the TM atoms interact through the intermediate of the hybridization of Au s electrons and TM d electrons ͑also see Fig. 2͒ . This is a typical RudermanKittel-Kasuya-Yosida ͑RKKY͒ type exchange interaction, which is characterized with a damped oscillation over a relatively long atom-atom distance range, and transition from FM/AFM to AFM/FM may happen. 31, 32 The negative ͑posi-tive͒ exchange integral of Co@Au_2 ͑Mn@Au_2͒ will thus give rise to the AFM ͑FM͒ ground states. Calculating the RKKY exchange integral quantitatively is beyond this study. Therefore, the transitions from FM to AFM in Co@Au and from AFM to FM in Mn@Au take place when the TM-TM distances increase. The spin orbit coupling ͑SOC͒ is taken into account as well to examine the magnetocrystalline anisotropy. The MAE is defined as the energy difference between the magnetizations oriented along x and z directions, namely, MAE = E͑x͒ − E͑z͒, where z is the tube axis direction. The MAEs for both freestanding Co and Mn MACs are negative, indicating that the magnetization prefers to be perpendicular to the chain axis, which is in agreement with the previous theoretical result. 4 When encapsulated in a Au tube, the MAEs are all remarkably enhanced by one order of magnitude and a trend that longer TM-TM distance results in a larger MAE is observed. In application of ultrahigh density information storage, the notably enhanced MAE is important to overcome the disorder resulted from thermal fluctuation. Besides, in contrast to Co@Au, the easy magnetization axes of the Mn@Au switch from that perpendicular to the axes in the free Mn MAC to that along the axes. The possible reasons for the change in easy magnetization directions in Mn@Au might stem from the stronger interaction between Mn wires and Au tubes as discussed above ͑5.80 versus 4.77 eV for TM@Au_1, and 7.42 versus 5.0 eV for TM@Au_2 for Co and Mn, respectively͒. The easy magnetization direction The bond features can also be intuitively demonstrated by the charge density distribution. As shown in Fig. 3 , the charge distributed between the nearest neighboring Co pair is denser than that between the second nearest neighbors in Co@Au_1 ͓Fig. 3͑a͔͒. Therefore, the dimerization, probably due to Peierls instability, 33 in Co@Au_1 occurs. For TM@Au_2, the larger TM-TM distances diminish the orbital overlap between neighboring TM atoms and thus the bond ͑d z 2 ͒ between TM atoms breaks. This also can be seen from the charge density distribution as shown in Figs. 3͑b͒ and 3͑d͒. The TM atoms, as a result, only bond with the nearest ten Au atoms. Therefore, the d z 2 states become much sharper than in TM@Au_1 ͓see Fig. 2͔ , which eventually leads to greatly enhanced electron localization in TM@Au_2.
To summarize, we have carried out spin-polarized ab initio computations to study the hybrid structures of the Co and Mn MACs encapsulated in gold nanotubes. The strong d-d hybridization of TM@Au significantly stabilizes the TM MACs. Increasing Co-Co distances in Co@Au nanotube results in a transition from FM to AFM, whereas Mn@Au nanotubes exhibit a totally opposite transition from AFM to FM. Moreover, the MAEs of encapsulated MACs are one order of magnitude larger than those of free MACs owing to the increased TM-TM distances. The larger MAE suggests that the hybrid structures can be used in ultrahigh density magnetic storage. Because of the stronger interactions between Mn wires and Au tubes, the easy magnetization directions of Mn@Au change from that perpendicular to the axes in the free Mn MAC to that along the axes. The work is supported by the NSF of China ͑Grant Nos. 10604013 and 20873019͒, the Program for New Century Excellent Talents in the University of China ͑Grant No. NCET-06-0470͒, the project sponsored by SRF for ROCS, SEM, the Qinglan Project in Jiangsu Province, and the Outstanding Young Faculty and Peiyu funding of Southeast University.
